ABSTRACT In order to approximately obtain sinusoidal air-gap magnetic field and get larger radial levitation force of the bearingless permanent magnet synchronous motor (BPMSM), a novel BPMSM with Halbach magnetized rotor is proposed. Firstly, the suspension and rotation mechanisms of the BPMSM are introduced. The control mechanism of producing the radial levitation force in single direction and arbitrary direction is analyzed in detail. The mathematical models of the radial suspension force are given. Secondly, the comparative research on the BPMSMs with the Halbach magnetized rotor and parallel magnetized rotor is carried out. The air-gap magnetic field, back electromotive force (EMF), radial suspension force, and torque are calculated and compared. Finally, the prototype motor equipped with the Halbach magnetized rotor is constructed. Some experimental results are tested and the stable suspension operation of the proposed motor is realized.
I. INTRODUCTION
High speed and high output power driving are the major development trends of electric machines. At present, highspeed electric machines are usually supported by ceramic bearings, whose life is 3-6 times longer than that of traditional mechanical bearings. However, it is far from enough to meet the performance requirements of high speed drive by improving the structure, material and lubrication conditions of mechanical bearings alone, especially the rotational speed of rotor exceeds 30000rpm. Therefore, lubrication of high-speed mechanical bearings has become the main factor affecting high-speed machining accuracy and service life of the motors. Moreover, non-contact hydrostatic bearings need to be equipped with pressure stabilization and strict filtration flow supply device, which leads to complex structure and large volume, and increases the cost of high-speed motors [1] . Magnetic bearings (MBs) are a new type of high performance
The associate editor coordinating the review of this article and approving it for publication was Xiaodong Sun. bearings with no contact between rotor and stator by means of magnetic force. Moreover, the motor supported by MBs has some other advantages, such as no wear, no lubrication and sealing, no oil pollution, high speed, high accuracy, low noise, long life, and so on. They have the extremely important application value in the fields of high-speed precision CNC machine tool [2] , [3] , centrifuge [4] , turbo-generator [5] , turbine compressor [6] , flywheel energy storage system [7] . However, the high-speed motor supported by magnetic bearings has obvious disadvantages, such as long axial length, low critical speed, high cost, low suspension force density and power density. Because the structure of the magnetic bearing is similar to that of the motor, the suspension winding of the magnetic bearing and the torque winding are embedded in the stator slot of the motor to form a bearingless motor. Torque and suspension force will be produced simultaneously in bearingless motors.
Bearingless motors have been studied for many applications such as the electrically-driven, flywheel energy storage, the milling tool, the centrifugal compressor, the gas turbine generator and turbo molecular pump [8] , [9] . Various types of the bearingless motors have been introduced which combine a motor and a magnetic bearing [10] , [11] . For example, bearingless permanent magnet motors, bearingless induction motors, bearingless switched reluctance motors. The bearingless reluctance motor has simple structure and low cost, but it has large torque fluctuation and mechanical vibration of rotor [12] - [15] . The bearingless induction motor has good high temperature resistance and can withstand large centrifugal force, but it has large rotor loss and low efficiency [16] - [18] . The bearingless permanent magnet motor can overcome the shortcomings of the two types of the above motors to some extent. It has high power and simple control [19] - [21] . These motors can support the rotors without any physical contact and have torque which replace the contact components and reduces the overall size [22] . In these types of bearingless motors, the BPMSMs have attracted considerable interests due to the advantages of the small size and light weight, the high power factor and efficiency, and no need excitation current in the main winding. Compared with permanent magnet synchronous motor, the structure and control of the BPMSM are very complex. Therefore, it is necessary to achieve high-speed operation of the BPMSM to show their technical advantages. But when the BPMSM operates at high speed, the air-gap magnetic field frequency can reach hundreds of Hertz or even higher [8] , [23] . High-order harmonics in the air-gap magnetic field can lead to motor performance degradation, such as large torque ripple, levitation force ripple, loss and serious motor heating [24] - [28] . Furthermore, there is a tradeoff between the permanent magnet thickness (and, hence, torque density) and radial suspension force generation [29] - [31] . Thus, optimizing the magnetization of permanent magnets and reducing the harmonics in the air-gap magnetic field are of great significances to improve the performance of the BPMSM [7] , [32] - [35] . The air-gap magnetic field is closely related to the magnetization of the rotor permanent magnets. Magnetization of the permanent magnet can be mainly classified as radial magnetization and parallel magnetization. Fig. 1(a) shows the magnetic field generated by two radial magnetized magnets, and the magnetic field produced by a parallel magnetized magnet is shown in Fig. 1(b) . Moreover, magnetic field produced by one parallel magnetized magnet and two radial magnetized magnets is shown in Fig. 1(c) . The fluxes are superimposed on each other. As a result, the flux is increased on one side and decreased on the other side. Magnetic field distribution of improved permanent magnets arrangement is shown in Fig. 1(d) , which is called as Halbach planar array. In this topology, the effect of magnetic field superposition and attenuation is more obvious than that in Fig. 1(c) .
The Halbach array can also be arranged into a curved surface, as shown in Fig.2 . The magnetic field is enhanced on the side of air-gap but weakened on the other side. Thus, the thinner permanent magnet is required to generate the torque and radial suspension force. Halbach array rotor offers many attractive features which can be effectively used in the motor design. One of the important characteristics is that it can cancel the flux on one side and strengthen on the other side [36] - [41] . Therefore, the rotor basically does not need a core, and can be hollow or nonmagnetic with very low rotational inertia. Furthermore, the air-gap magnetic field is near sinusoidal, which is important for improving the performances of the BPMSM.
In order to generate sinusoidal air-gap magnetic field waveform, improve the torque and radial suspension force density, a novel BPMSM with Halbach magnetized rotor is proposed in this paper. The suspension operation mechanism is analysed in detail [42] - [45] . The mathematical models of the radial suspension force are introduced. To illustrate the excellent performances of the proposed BPMSM, the comparative research on the BPMSM with parallel magnetized rotor is carried out with finite element method. The air-gap field distributions, back-EMFs, radial suspension forces, and torques are calculated and compared. The prototype motor equipped with Halbach magnetized rotor is designed and constructed [46] - [48] . Finally, the stable suspension operation of the proposed BPMSM is realized.
II. CONTROL MECHANISMS AND MATHEMATICAL MODELS
A. PRODUCING MECHANISM OF THE RADIAL SUSPENSION FORCE AND TORQUE Fig. 3 depicts the mechanisms of the radial suspension force and torque in a BPMSM with 4-pole torque windings and 2-pole suspension windings. The torque is generated by the interaction of the 4-pole rotor magnetic field and 4-pole torque windings magnetic field, as shown in Fig. 3(a) . Adding an additional suspension winding into the stator slots, the 2-pole suspension windings magnetic field will be generated. The radial suspension force is produced by the interaction of the 2-pole magnetic field and 4-pole magnetic field, as shown in Fig. 3(b) , which the north pole of the rotor and the south pole of the stator attract each other in the upper part of the motor while the two opposing north poles in the lower half will repel each other. As a result, a vertical resultant radial suspension force F is generated.
In brief, the radial suspension force can be generated in the BPMSM with P M pole pair number, if an additional suspension winding with P B = P M ± 1 pole pair number is added into the stator slots. This radial suspension force is used to provide a non-contact suspension for the rotor. Fig. 4 shows the control mechanism of the radial suspension force in a single direction when the motor rotates. The torque windings magnetic field and the rotor permanent magnet field can be equivalent each other [26] . Therefore, for simplicity, the torque windings magnetic field and rotor permanent magnet magnetic field can be viewed as a whole. At the same time, Fig. 4(a) is taken as an example to analysis because the same conclusions can be obtained from Fig. 4(b) , Fig. 4(c) , and Fig. 4(d) .
B. RADIAL SUSPENSION FORCE CONTROL IN SINGLE DIRECTION
In Fig. 4(a) , when ωt = 0, the south pole of the rotor and north pole of the stator attract each other in the upper part of the motor while the north pole of the rotor and north pole of the stator repel each other in the lower part. But when ωt = π/2, the south pole of the rotor and left upper north pole of the stator attract each other, while the south pole of the rotor and left lower south pole of the stator repel each other in the left part of the motor. At the same time, the north pole of the rotor and right upper south pole of the stator attract each other, while the north pole of the rotor and right lower north pole of the stator repel each other in the right part of the motor. The electromagnetic force of each pole is shown as the thin lines with arrow. Consequently, a vertical resultant radial suspension force F is also generated and displayed as the thick line with arrow. The same method is adopted for the analysis of the mechanism of the single directional radial suspension force generation when ωt = π, ωt = 3π/2, and ωt = 2π .
From above analysis, to generate the radial suspension force in a single direction, the rotation direction of the torque windings magnetic field and suspension windings magnetic field must be the same, and the mechanical angular velocities of two magnetic fields must satisfy the following condition.
where ω M and ω B are the rotation mechanical angular velocity of the torque windings magnetic field and suspension windings magnetic field, respectively. ω is the electrical angular velocity.
C. RADIAL SUSPENSION FORCE CONTROL IN ANY DIRECTION
To control rotor to realize stable suspension, BPMSMs need to generate the radial suspension force in any direction. Four types of BPMSM with different pole pair number have been investigated, as shown in Fig. 5 , to analysis the necessary conditions for producing the radial suspension force in any direction. According to (1), relative mechanical angular velocity ω between suspension winding magnetic field and torque winding magnetic field are expressed as
When P M = P B − 1, relative motion relationships between radial suspension force direction θ and relative mechanical angular velocity ω, as shown in Fig. 5(a) and Fig. 5(c) , are obtained as
When P M = P B + 1, relative motion relationships between radial suspension force direction θ and relative mechanical VOLUME 7, 2019 
Therefore, the conclusions can be obtained from above analysis. When the radial load is changing, BPMSM must be able to generate the radial suspension force in any direction to pull the rotor back to equilibrium position. From (3) and (4), the radial suspension force points toward the angle θ . The θ can be obtained as
In fact, suspension winding magnetic field is generated by the currents of the suspension windings, and torque winding magnetic field is generated by the currents of torque windings. According to the relationships between magnetic fields and currents in two sets of three phase symmetric winding, necessary conditions for generating the radial suspension force in any direction is that the current electric angular frequency of two windings must be equal. The direction of resultant radial suspension force is pointed to the initial phase difference between the two winding currents, namely, the angle θ expressed as (3), (4) and (5).
D. MATHEMATICAL MODELS
According to reference [17] , [26] , the mathematical models of radial suspension force in surface-mounted BPMSMs are expressed as following
where I p is the equivalent current of the permanent magnet. M is the rate of change of the mutual inductances between the torque and suspension windings with respect to the rotor radial displacement. Specifically, M is the partial differential value of the mutual inductances between torque and suspension windings with respect to the rotor radial displacements x and y. The unit of M is H/m. I q is the equivalent current of torque windings. n 2 and n 4 are the effective numbers of turns of the suspension and torque windings, respectively; l, l m and l g are the stack length of the rotor iron core, thickness of magnet and air-gap length, respectively. r is the inner radius of the stator iron core. It can be seen that the radial suspension forces are proportional to M and I p . If M · I p is large, radial suspension force winding currents i x and i y can be small. I p is increased with the thickness of the permanent magnet. However, since the air-gap length between the rotor and stator iron cores is increased, it can be understood that M is decreased. Accordingly, it can be expected that there is an optimal value of the permanent magnet thickness. Therefore, in the case of the given permanent magnet thickness, we expect to obtain a larger air-gap magnetic flux density.
III. AIR-GAP MAGNETIC FIELD OPTIMIZATION A. BASIC PARAMETERS OF BPMSM
Permanent magnet rotors consist of buried permanent magnet rotor and surface-mounted permanent magnet rotor. Especially surface-mounted permanent magnet rotor is preferred which can endure the higher speed [20] . In this topology, magnets are glued on the rotor surface and fixed by a bandage. But this motor has long equivalent air-gap length for the bandage. Thus, the accurate calculations of suspension forces are especially important to suspension control of the BPMSM. The parameters of prototype motor are shown in Table 1 .
B. DISTRIBUTION OF STATOR WINDINGS
According to fundamental parameters of BPMSM, static finite element analysis is carried out in this paragraph. The model of finite element analysis is constructed, as shown in Fig. 6(a) , and the diagram of windings distribution is given in Fig. 6(b) . The stator slots are divided into two layers. Torque windings are embedded into the outer layer with the phase sequence of X→Y→Z, and the pole pair number is two. 
Diagram of finite element model and winding distribution. Additional suspension windings are inserted into the inner layer with the phase sequence of A→B→C, and the pole pair number is one. Three phase symmetrical currents are applied to the two sets of windings simultaneously. And thus, two counter-clockwise rotational magnetic fields are produced, and the resultant radial suspension force is pointed to the positive direction of x-axis when two currents have the same initial phases. Fig. 7 shows two kinds of surface-mounted permanent magnet rotors. In Fig. 7(a) , rotor permanent magnet ring is composed of four magnets, and each magnet adopts parallel magnetized mode. But in Fig. 7(b) , the magnet ring consists of twenty-four magnets, and the Halbach magnetization is chosen to optimize the performances of the motor.
C. MAGNETIZED MODE OF MAGNETS

D. AIR-GAP MAGNETIC FIELD
Adaptive mesh division technology is used to mesh the finite element model. The diagram of mesh model is shown in Fig. 8(a) . When no current is applied to both windings, the distribution of permanent magnetic field is shown in Fig. 8 (b) . It can be seen that the four-pole symmetric magnetic field is generated by the permanent magnets. The maximum magnetic flux density reaches to 1.53T in the stator teeth, but magnetic flux density in the stator yoke is approximately 1T.
Air-gap magnetic flux density data are extracted from the established models, and Fast Fourier Transform is conducted. The analysis results are shown in Fig. 9 . In Fig. 9(a) , the airgap magnetic flux density waveform is close to the rectangular wave with rich high order harmonics. The fundamental amplitude is approximately 0.7T, as shown in Fig. 9(c) . But in Fig. 9(b) , the waveform of air-gap magnetic flux density is a sine wave with less high harmonic contents, and its fundamental amplitude is 0.9T as shown in Fig. 9(d) .
IV. TRANSIENT ANALYSIS CALCULATION
In this paragraph, the coupled external circuits are adopted, and the time stepping finite element method is used to analyze BPMSM considering the rotor rotation. The operating characteristics of the motor are simulated under various working conditions, and the transient parameters, such as back-EMF, radial suspension force, torque, are calculated and compared.
A. EXTERNAL CIRCUITS
The current source models are adopted to ignore the end effect. Fig. 10(a) shows the diagrams of external circuits which winding A, B, C and winding X, Y, Z are the external circuits of three-phase suspension windings and torque windings, respectively. According to the necessary conditions of producing stable and controllable radial suspension force, three phase symmetrical currents, as shown in Fig. 10(b) , are applied to two sets of windings simultaneously. The frequencies of suspension winding currents and torque winding currents are 200 Hz and100 Hz, respectively. The current amplitude is 5 A. The initial phase difference θ is −135 • . The rotating mechanical angular velocity of the rotor is set to 3000 r/min, and the computation time is given from 0 to 0.2 s. The time step size is configured to 0.001 s. Fig. 11 shows the no-load back-EMF waveforms when the rotor is rotating in the geometric center position. It can be seen that the back-EMF frequency of torque winding currents is 100 Hz. In Fig. 11(a) , the amplitude of back-EMF waveforms is 133 V. But in Fig. 11(b) , the amplitude of back-EMF waveforms is 142 V for the larger air-gap flux density. Moreover, the back-EMF waveform of the motor with Halbach magnetized rotor is much more sinusoidal than the motor with the parallel magnetized rotor. Fig. 12 shows the transient radial suspension force waveforms. It can be seen that the force F x is always equal to negative F y because the direction of resultant radial suspension force is pointed to the angle θ . Thus, radial suspension force control mechanisms in a single direction and in any direction are all proved to be correct. The resultant radial suspension force waveform is fluctuant from 280 to 300 N, as shown in Fig. 12(a) , and its average value is 287 N. In Fig. 12(b) , the radial suspension force is approximately 300 N, and suspension force per unit current is 60 N. Moreover, the radial suspension force ripples of the motor with radial magnetized rotor are much larger than that with Halbach magnetized rotor. Fig. 13(a) , but it is 3.3 Nm in Fig. 13(b) , which is 15% larger than the former one for the large air-gap magnetic flux density. Moreover, the torque ripples in Fig. 13(a) is significantly larger than that in Fig. 13(b) .
B. NO-LOAD BACK-EMF
C. TRANSIENT SUSPENSION FORCE
V. EXPERIMENTAL RESULTS
The control system of BPMSM consists of two basic parts, namely, speed control subsystem and radial displacement control subsystem, and its control block diagram is shown in Fig. 14 .
Based on the radial shaft position, suspension force command F * x and F * y are generated from the radial position regulators in radial displacement control subsystem. The 2-pole suspension winding current commands are generated through the PARK and CLARK transformation. A current regulator, i.e., a current-controlled inverter, regulates the 3-phase currents.
In speed control subsystem, there is a rotary encoder on the rotor shaft, which is used to detect the instantaneous rotor angular position and the rotational speed. The detected VOLUME 7, 2019 speed is compared with its command and the q-axis motor current command i * Mq is generated via the speed regulator. Note that the d-axis motor current command i * Md is zero. The 2-phase and 3-phase current commands are generated, and a current regulator provides instantaneous regulation of the torque winding currents.
To verify the effectiveness of the proposed BPMSM with Halbach magnetized rotor and theoretical analysis, a two degrees of freedom experimental prototype motor and platform, as shown in Fig. 15 , are built and tested. Some critical parameters of experimental prototype motor are given in Table 1 .
The d-axis of the rotor is positioned at 0
• by six steps positioning method. Then, rotor field oriented control program is executed. The given velocity is n * = 1200r/min. The waveforms of given velocity commands and feedback velocity are shown in Fig. 16(a) . It can be seen that the rotor rotational speed can quickly track the given speed signal, and speed waveform changes smoothly. The required time is 1.25 s to accelerate from standstill to the given speed. Fig. 16(b) shows the tracking curve of rotor position angle in the stable suspension state. The feedback value of position angle can be quickly and accurately following the given value, which proves the correctness of the closed-loop control. Fig. 16(c) shows the waveforms of B-phase suspension winding current and Y-phase torque winding current. The two current waveforms are all approximated as the sine waves, but there are certain harmonic components. Acceleration and deceleration tests have been made, and the corresponding speed waveforms are shown in Fig. 16(d) . The acceleration process time is approximately 0.19 s, but deceleration time is about 0.20 s. The BPMSM has good dynamic response performance. Fig. 16(e) shows the radial displacements in x-and y-direction, and Fig. 16(f) gives the rotor trajectory diagram. From the experimental results, the BPMSM proposed in this paper can rotate and suspend the rotor stably, and the vibration amplitude of the rotor radial displacement is about 25 µm.
VI. CONCLUSION
According to the excellent properties of Halbach permanent magnet array, a BPMSM with Halbach magnetized rotor is proposed in this paper. The generation principles of torque and radial suspension force are discussed and analysed. Using finite element method, BPMSMs with two different permanent magnet rotors are studied. Radial suspension force, torque, and back-EMF are calculated and compared. An experimental prototype motor and platform are established and tested to verify the effectiveness of the proposed BPMSM and theoretical analysis. The conclusions are given as follows:
(1) The radial suspension force direction of BPMSM is pointed to the initial phase angle difference θ . (2) BPMSM with Halbach array rotor has sinusoidal airgap magnetic field and back-EMF. (3) The radial suspension force generated by the BPMSM with Halbach array rotor is 1.034 times as much as the force produced by BPMSM with the parallel magnetized rotor, and the fluctuation of the radial suspension force is small.
(4) The torque of BPMSM with Halbach array rotor is 1.15 times as much as the torque produced by BPMSM with the parallel magnetized rotor, and the torque ripples are very small.
